The optical properties of single colloidal semiconductor nanoparticles (NPs) are considerably influenced by the direct environment of the NPs. Here, the influence of different liquid and solid glycol matrices on CdSe-based NPs is investigated. Since the fluorescence of individual NPs varies from one NP to another, it is highly desirable to study the very same individual NPs in different matrices. This was accomplished by immobilizing NPs in a liquid cell sample holder or in microfluidic devices. The samples have been investigated by space-resolved wide-field fluorescence microscopy and energy-and time-resolved confocal scanning fluorescence microscopy with respect to fluorescence intensities, emission energies, blinking behavior, and fluorescence decay dynamics of individual NPs. During the measurements the NPs were exposed to air, to liquid ethylene glycols H(OCH 2 CH 2 ) n OH (also called EG n ) with different chain lengths (1 r n r 7), to liquid 2-methylpentane-2,3-diol, or to solid polyethylene oxide. It was found that EG 6-7 (also known as PEG 300) is very well suited as a liquid matrix or solvent for experiments that correlate chemical and physical modifications of the surface and of the immediate environment of individual NPs to their fluorescence properties since it leads to intense and stable fluorescence emission of the NPs.
Introduction
Colloidal II-VI semiconductor nanoparticles (NPs) are crystalline fragments of the corresponding bulk material with sizes of 1-10 nm. In this range, the surface-to-volume ratio is considerably large, so that for a CdSe NP with a diameter of 3 nm, already one-third of its atoms are at the surface. Electronic surface states influence charge carriers which are threedimensionally confined within this volume and thus are important in determining many of the NP fluorescence properties. Therefore, the environment, which is naturally located directly adjacent to the surface, plays a crucial role as well.
One of the main applications of NPs is their use as biocompatible fluorescent markers [1] [2] [3] with high optical stability in medical applications. On the one hand, NPs can be used to track cellular transport processes by measuring the fluorescence with spatial resolution. 4 On the other hand, the analysis of their fluorescence properties can be simultaneously used to probe their local environment, e.g., the pH value, 5, 6 or to
show the presence of certain molecules, 7 using fluorescence resonance energy transfer 8 or charge transfer processes. [9] [10] [11] The interactions of NPs at the cellular level and with biochemical substances are very complex and by far not fully understood. To utilize NPs for biomedical tasks, modifying them via colloidal chemistry is of great importance. In this context, poly(ethylene glycol) (PEG)-based ligands are of special interest 12, 13 as they render NPs hydrophilic, are nontoxic, minimize unspecific interactions, 14 and preserve the fluorescence of the NPs. 15, 16 The molecule endings of ethylene glycols are nearly arbitrarily functionalizable and therefore offer various opportunities to further process these systems, on the one hand by tailoring the bonds between NPs and ligands to achieve well-defined coatings, and on the other hand by making use of the outward-positioned terminal groups that determine chemical interactions with the environment. For example, complex hybrids of fluorescent semiconductor NPs and other nanostructured components like magnetic iron nanoparticles or plasmonic gold nanoparticles were developed to enable bimodal probing. [17] [18] [19] [20] Detailed knowledge of the influence of ligand shells on the fluorescence properties of the NPs is crucial, first, to optimize the encapsulation, and second, to be able to separate the influence of the biological environment from the impact of the ligand shell itself. Despite highly developed and well controllable synthesis routines, it is still not possible to obtain perfectly monodisperse, identical NPs in solution. Each individual NP emits Since characteristic features of individual NPs are masked through ensemble averaging, single-particle experiments are crucial to unravel the fundamental interactions between the environment and the NP. 24, 25 There are elaborate investigations on, e.g., the influence of dielectric properties of surrounding polymers 26 and of different ligands 27 on the fluorescence intermittency. Such examinations are mainly based on a set of different single NPs. However, for even deeper investigations of the impact of different environments on the optical properties of NPs, it is actually necessary to follow the change in the fluorescence behavior of one and the same particle before and after a change of the environment. Time-resolved confocal single-nanocrystal fluorescence spectroscopy is a powerful tool to explore the details of photophysical changes when individual CdSe NPs are, e.g., exposed to different gases like oxygen and nitrogen 28 or when they are electrochemically charged. 29 The investigation of individual NPs in their native situation, in which they are diffusing in solution, is experimentally challenging. One can approximate this situation by immobilizing NPs in microfluidic devices to study the fluorescence behavior of the same individual nanocrystal under systematic manipulation. 30 For instance, the fluorescence intensity and blinking time traces have been observed via wide-field fluorescence microscopy to quantify the presence of b-mercaptoethanol 31 and via total internal reflection fluorescence microscopy to detect maltose 32 and potassium permanganate. 33 In another study, confocal timetagged time-resolved (TTTR) methods are used to correlate fluorescence intensity time traces with fluorescence lifetime trajectories to compare radiative and non-radiative decay rates under the influence of propyl gallate. 34 To date, no survey has combined both spectral and time-resolved information of one and the same NP in different environments. This paper provides extensive investigations at a fundamental level of the basic influence of ethylene glycols on the fluorescence properties of semiconductor NPs. The aim of this study is to correlate chemical and physical modifications of the surface and of the immediate environment of individual CdSe-based NPs to their optical properties in order to gain deeper insight into the interactions that are occurring and to better understand the underlying physical processes. In particular, the impact of liquid and solid ethylene glycol oligomers with different chain lengths and of chemically similar 2-methylpentane-2,4-diol is investigated with respect to fluorescence intensities, emission energies, blinking behavior, and fluorescence decay times. Measurement techniques are space-resolved wide-field fluorescence microscopy and energy-or time-resolved confocal scanning fluorescence microscopy. The work can be divided into three parts, with each part representing a certain kind of experiment. The first experiment is about the measurement of the very same individual NPs, once in air and once surrounded by a glycol matrix. For this purpose, the NPs were immobilized on the bottom of a liquid cell and were investigated before and after the cell was filled with a liquid glycol matrix or polymer solution. The second experiment is about the measurement of the very same NPs subsequently covered by different glycols. Here, the NPs were immobilized within microfluidic channels, which were fabricated by soft-lithography and enabled the exchange of the liquid glycols during the optical measurements. The third experiment is about the changes of the optical properties of the very same NPs upon mixing different glycol liquids. These measurements were conducted using again the liquid cell as the sample holder.
Experimental

Experimental setup
The optical measurements were performed using a homebuilt inverted confocal scanning microscope setup. For excitation, a 485 nm diode laser (PDL800-D, LDH-D-C-485, PicoQuant GmbH) was used. For confocal measurements, the laser beam was focused by a 100Â oil objective with 1.25 NA (Zeiss Achroplan) onto the sample. For wide-field fluorescence imaging, a widening lens was inserted into the beam path in front of the objective. Confocal scanning measurements and detailed confocal investigations of single particles were performed with the pulsed laser (repetition rate of 5 MHz) having powers of 1.27 mW and 45 nW, respectively, measured in front of the objective. Wide-field measurements were conducted with the laser in its continuous wave mode. The sample was positioned and scanned using a computercontrolled piezo stage. Light from the sample was collected by the objective and scattered laser light was filtered out using a longpass filter with 522 nm edge wavelength (FF01-515/LP-25, Semrock). Fluorescence light was then guided either to an avalanche photo diode (PDM Series, Micro Photon Devices) for scanned images, fluorescence lifetime measurements, and blinking time traces (time-tagged time-resolved (TTTR) measurements with PicoHarp 300, PicoQuant GmbH), or to a spectrograph (Acton SP2500, Princeton Instruments) equipped with a chargecoupled device (CCD) camera (ProEm 512B, Princeton Instruments) for spectra or for wide-field images.
Two of the three experiments presented here involved a liquid cell (CoverslipHolder from JPK Instruments) whose bottom was formed by a glass slide on which NPs were immobilized. The other experiment involved microfluidic devices. They consisted of a glass slide with immobilized NPs on top, covered by a polydimethylsiloxane (PDMS) chip that exhibited a channel structure prepared by soft lithography techniques. Both ends of the channel were attached to polyethylene (PE) tubes. For the experiment reported here, a syringe pump (NE500 Programmable OEM Syringe Pump, New Era Pump Systems) filled the inlet tube and the channel with different solutions that were separated from each other by gaseous nitrogen sections as follows: one measurement cycle started with injection of the respective chemical into the channel. After taking a confocal scan to locate the NCs, they were investigated in terms of single-particle spectra, fluorescence lifetimes and blinking time traces. Then, a nitrogen bubble extruded the first solution which was subsequently replaced by the second one to enter the second measurement cycle. Nitrogen was used to minimize the effect of aerial oxygen within a measurement series. Three cycles were conducted. During confocal scans and single-particle measurements, the syringe pump was switched off to avoid vibrations. This also means that the flow velocity was set to zero.
Nanoparticle samples
The samples used for the first two experiments presented here were semiconductor nanoparticles with a spherical CdSe core and an elongated CdS shell, so-called DotRods, which were synthesized following the seeded-growth approach by Carbone and coworkers. 35 These nanoparticles are labeled as DRs in the following. For the third experiment, spherical CdSe-core-CdS shell nanocrystals were used that were synthesized by common methods. 36, 37 They are labeled as CS NCs throughout this work.
Both kinds of NPs were capped with trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) ligands, and were dispersed in chloroform. Fig. 1a and b show typical transmission electron microscope (TEM) (JEM-1011 by JEOL) images of the elongated DRs and the spherical CS NCs, respectively. The diameter distributions, shown in Fig. 1c and d as derived from the corresponding TEM image, correspond to narrow Gaussian distributions with mean values in the range of about 4-5 nm. The small relative standard deviations of o18% in the case of DRs and o15% for CS NCs prove the high quality of the samples. Fig. 1e and f show emission spectra (red lines) measured with an excitation wavelength of 460 nm using a FluoroMax-4 spectrophotometer (Horiba Jobin Yvon), as well as absorption spectra (black lines) measured using a Cary 5000 UV-Vis spectrophotometer (Varian). The ensemble center emission wavelengths are approximately at 600 nm, i.e., they luminesce orange-red. From the absorption and emission spectra, quantum yields are calculated in relation to the dye Rhodamine 6G. 38 Quantum yields are measures of the number of emitted photons per number of absorbed photons and are QY DRs = 75% and QY CSNCs = 16%. The DRs show strong and stable fluorescence and thus are suitable for extensive single-particle investigations. The thinness of the CS NC shell is responsible for the relatively low QY and is expected to render the NCs sensible against the surroundings. 25 On the one hand, a high optical quality of the sample is desirable to ease measurement procedures, but on the other hand, this insensibility makes the detection of the environmental influence difficult, such that the choice of the sample is always a compromise. In addition, a solid polymer matrix consisting of long-chained poly(ethylene glycols) (for which the conventional nomenclature is poly(ethylene oxide) (PEO)) with an average molecular . Black curves are fitted Gaussian distributions to determine the mean diameters which are specified below the sample name in the diagrams. (e and f) UV/vis spectra of the DRs and CS NCs. The mean emission wavelengths are specified in red ink. 3 Results and discussion
Glycol matrices
The very same NPs in air and different glycols
In a first experiment we investigated the influence of different glycols on the optical properties of individual DRs by comparing the fluorescence intensities of one and the same DRs surrounded by air and by a particular glycol. For these investigations, diluted solutions of the NPs were spin-coated on glass slides such that the area density of NPs is low enough to allow for single-particle spectroscopy. These glass slides were then inserted into the liquid cell and served as its bottom. Fig. 2 shows wide-field fluorescence image sections of different samples. Each panel a to g compares one and the same sample region exposed to air and subsequently to one of the glycols listed in Table 1 . In the case of liquid glycols (a-f), in each measurement, a drop of 30 ml was dropped into the liquid cell. Panel g belongs to a measurement in which the NPs were covered by a solid glycol matrix. Here, a 0.05 wt% solution of PEO 100 000 in a 2 : 1 toluene-chloroform mixture was dropped on the glass slide and was allowed to dry before the second wide-field image was taken. In all these measurements, the exposure time of the CCD camera was set to 0.3 s and the excitation intensity applied to the sample was kept constant. The intensity color scaling is same in all images.
The bright spots in the wide-field fluorescence images indicate the fluorescence of DotRods. Simply the visual inspection of Fig. 2 already gives some valuable information about the influence of the different glycols. First of all, one can state that for liquid matrices, i.e., in panels a-f, the number of emitting DRs is larger in the first measurement in air than in the second measurement in a glycol. Also the intensity of the emission seems to be generally larger in air than in the glycol. The situation is changed for the solid glycol, as shown in panel g, where both the number of emitting DRs and the intensity are more balanced. Comparing the wide-field images for different glycols in Fig. 2 one can conclude that the number of emitting DRs as well as their emission intensity are by trend increasing with increasing chain lengths of the EGs.
For a more detailed analysis of the wide-field fluorescence images in Fig. 2 , for each bright spot in every image the intensity of its brightest pixel was read out. Then, for each DR the ratio of the intensity in medium to the intensity in air was determined. Histograms of the intensity ratios are shown in Fig. 3 . Here, the occurrences have been normalized, i.e., they have been divided by the total number of investigated DRs. The bars representing int med /int air r 0 correspond to the situation that the DR was emitting in air but was not found back when covered by a glycol. All occurrences of ratios int med /int air 4 2 are summarized in the bar at the right-hand side of each histogram marked by the dashed area.
The histograms support the trends that were already identified by visual inspection of Fig. 2 . The number of DRs that emit in air but are dark when covered by a glycol (int med /int air r 0) is generally decreasing with increasing chain length of the EGs (only EG 1 is slightly out of the ordinary). Accordingly, there is a significant number of DRs emitting more intense in a matrix than in air only for EG 4 and longer EGs. Furthermore, also the center of mass of histograms with 0 o int med /int air r 2 generally seems to shift from left to right with increasing chain length (again EG 1 is slightly out of the ordinary). The histogram for MPD nicely fits between the histograms for EG 3 and EG 4 . This result is in line with the fact that MPD resembles EG 3 in chemical composition.
From the experiments above it is obvious that the nature of the surrounding matrix has an impact on the emission intensity of the DRs. In order to investigate the influence of electrodynamic effects, i.e., the change of the dielectric surrounding of the individual DR emitters, on the measured emission intensity, we performed two-dimensional finite-difference timedomain (FDTD) simulations. We modeled both the excitation and emission processes of a NP lying on a glass surface covered by media of different refractive indices. These simulations were done using the software Lumerical FDTD Solutions, which solves Maxwell's equations to calculate the time evolution of electromagnetic fields.
The wide-field laser excitation was simulated by a plane wave of a fixed amplitude impinging from below on a glassmedium interface. We analyzed the electromagnetic field intensities at the interface for media with different refractive indices n, in particular for the glycols (with n in the range of 1.431 to 1.463) and air (n = 1). We found that the higher the refractive index of the medium is the smaller is the excitation intensity. Applying the values for the glycols used in this study, we obtained excitation intensities in glycol matrices of only about 70% as in air. In order to simulate the emission process, we assumed a point dipole positioned at the glass-medium interface with its dipole axis lying within the glass surface plane. Fig. 4 shows the field distributions of a point dipole with its axis perpendicular to the image plane, located on a glass slide (n = 1.5255) either in (a) air (n = 1) or (b) a medium with n = 1.463 (EG 6-7 ). The figure demonstrates that the emission of a dipole into the half-space with a high refractive index is enhanced when the other half-space has a lower refractive index. The collection cone of the microscope objective is denoted by the dashed lines in the glass half-space. We analyzed the emission and subsequent collection of light for a dipole surrounded by media of different refractive indices. For values of the employed glycols we found the collected intensity to be only about 70% as compared to the case of air. Summarizing the FDTD simulations, considering just electrodynamics, an increase of the refractive index of the medium that surrounds a NP leads to a decrease of the measurable fluorescence intensity. On the one hand, comparing air and glycols, the simulations rationalize a decrease of the measured intensity of nanoparticles in glycols to values of about 50% of the intensity in air just because of the different refractive indices. This explains and correctly classifies, at least for the liquid glycols, the general result of the wide-field fluorescenceimage analysis in Fig. 3 that the measured fluorescence intensity is on average considerably lower in the matrix than in air.
On the other hand, comparing the different glycols among each other with their slightly increasing refractive index with increasing chain length, the FDTD simulations would let one expect a slight monotonic decrease of the average intensity ratio int med /int air from EG 1 to EG [6] [7] . Interestingly, this is in contrast to the measurements. Thus, the measured solventdependent intensities of the DRs cannot be explained by changes in excitation and emission efficiency, i.e., by electrodynamics, solely. Instead, it is proved that the solvents directly impact the optical properties in chemical or quantum mechanical ways. As an example of a chemical modification, oxygen that might be dissolved in the glycol matrices in different amounts influences the optical properties of the nanoparticles. 28 To ascertain these interactions, more detailed investigations are demonstrated in the following.
The very same NPs under subsequent exchange of ethylene glycols
The first experiment dealt with the comparison of the intensity of individual NPs in air and in different glycols. From that, one can deduce the general result that long-chained EGs lead to more fluorescence light; however, the conclusions about the different impact of the different EGs on the DR fluorescence are limited. This is mainly because the covering glycol matrix was not changed from one to another for a particular DR during the experiment. Furthermore, the intensity alone is not the only measure that characterizes the fluorescence. It is well known that individual NPs exhibit a blinking behavior. This can on the one hand tamper the conclusions drawn from an experiment like the first one. On the other hand the blinking, if properly investigated, can be utilized to learn something about the interaction of the surrounding glycol with the NP emitter. Time-resolved measurements of the fluorescence decay Better but experimentally much more challenging than the first experiment would be the detailed investigation of individual DRs (including measurements of intensity time traces, spectra, and decay curves) that are subsequently covered by different liquid glycols. Such an experiment requires a very stable setup to have enough time to conduct all measurements within several matrices to gain statistics. Also the NPs themselves have to be stable enough without undergoing degradation during the measurements, for example induced by illumination.
We realized such an experiment using microfluidic devices. The NPs under investigation were again DRs because of their relative high optical long-term stability. A diluted solution of DRs was spin-coated on a glass slide. It was then covered by a PDMS microchannel chip that was attached to inlet and outlet tubes. In order to restrict the measuring time, only three liquid ethylene glycols were subsequently channeled above the NPs under investigation: first EG 1 , then EG 4 , and at last EG [6] [7] . Fig. 5a shows a confocal scan of a sample area within a microflow channel filled with EG 1 . The bright spots are (presumably) single DRs. Such scans were used to localize individual DRs for further confocal measurements. 14 of the bright spots were further investigated by recording their spectra and by recording spectrally integrated fluorescence time traces in the time-tagged time-resolved mode that also allows for determination of the fluorescence decay dynamics. Considering also the alignment, both kinds of measurements took at least 6 min for each DR under investigation. After all measurements in EG 1 had been completed, the matrix was changed to EG 4 . Then a fluorescence image of the same sample area was taken, as shown in Fig. 5b . Several of the bright spots occurring in panel a can be found back. However, also some new spots have arisen and other spots are missing. This is mainly due to the blinking of nanoparticles which causes the nanoparticles to appear bright or dark depending on whether they are in an on-state or in an off-state during the recording of the confocal scan. In total 12 of the 14 spots investigated in EG 1 could be found back in Fig. 5b and were also investigated with respect to their spectra, their lifetimes, and their blinking behavior. Again, such measurements took about 6 min for each DR. Finally, the matrix was changed to EG [6] [7] and again, a fluorescence image was scanned, which is depicted in Fig. 5c . Here, in total 6 of the 12 spots investigated in EG 1 and EG 4 could be relocated. These spots were again probed concerning their spectra, blinking, and lifetimes. After sorting out data sets that were either incomplete or arose most likely not from a single DR, the whole measuring process delivered a set of five individual DRs that have been each thoroughly investigated in three different liquid EGs. These five DRs are encircled and numbered in each of the fluorescence scans in Fig. 5 . In the following we will discuss and compare the spectra, the blinking dynamics, and the fluorescence decay dynamics of these five DRs in the three different environments.
Comparing Fig. 5a -c it is obvious that the total number of emitting DRs is decreasing with increasing duration of the experiment. This irreversible disappearance is most likely due to the chemical degradation of the respective nanoparticles. A washing-off should be inhibited since the TOPO ligands do not render the nanoparticles soluble in the glycols.
3.2.1 Fluorescence spectra. Fig. 6 shows exemplarily the spectra of DR No. 3 in EG 1 , EG 4 , and EG 6-7 obtained with 10 s integration time. The maximum emission wavelength is 611 nm, 592 nm, and 598 nm, respectively. All spectra can be fitted with Cauchy-Lorentz distributions, as also depicted in Fig. 6 . The FWHM is about 17 nm, 14 nm, and 21 nm, respectively. The analysis of all five DRs revealed that the sequence of EGs ordered by the maximum emission wavelength is not universal for the different DRs but seems to be more or less random.
It is known that spectral diffusion occurs in the temporal evolution of the fluorescence emission of individual NPs. 41 Spectral diffusion broadens the fluorescence spectra when it happens on time scales smaller than the integration time, i.e., the single-particle line shapes result from rapid spectral shifting of the emission peak. 24 When spectral diffusion occurs on time scales larger than the integration time, it is visible as jumps of the whole spectrum. To estimate the spectral diffusion for our DRs, we performed a control experiment in which single DRs were embedded in a Zeonex matrix and the spectral diffusion was monitored over several minutes. Here, spontaneous jumps in the maximum emission wavelengths of up to 10 nm occurred. These jumps will mask any matrix-induced shifting of the fluorescence wavelength. In order to clearly observe such shiftings, they should be at least in the range of the above mentioned 10 nm. A matrix-induced shifting, also called the solvatochromatic effect, is caused by polarization interactions:
42 charge carriers in a NP, which are introduced through optical excitation, polarize the dielectric environment and form image charge distributions. These in turn generate electrostatic potentials at the positions of the charge carriers that perturb the energy of the confined exciton and shift the emission wavelength of the NP. The magnitude of the effect can be estimated quasianalytically for spherical NPs in a dielectric medium without and with an additional capping ligand layer on the NP surface. 42 , 43 If we for a moment assume spherical NPs without ligands, calculations reveal that a change of the matrix from EG 1 to EG 6-7 should lead to a blue shift of the emission of only about 3 nm, assuming static dielectric constants given in Section 2.3. A capping layer of TOPO ligands, as present in our experiments, however decreases the shift to only very small values far below 1 nm. Even though our experiments deal with DotRods in which the solvatochromatic effect should be larger than in spherical NPs because of the reduced symmetry, [44] [45] [46] the above estimation leads one to assume also a rather small solvatochromatic shift for our system. This is in line with the absence of any experimental evidence in our measurements and we conclude that the shifting of the spectra shown in Fig. 6 is essentially due to large spectral diffusion. As a final remark concerning the fluorescence spectra, despite their above mentioned weak dependence on changing EGs, they deliver valuable information during our study. In particular the width and the shape of an emission peak in a fluorescence spectrum can help to make sure that the nanostructure under investigation is indeed an individual DR and not an aggregation of two or more DRs.
3.2.2 Fluorescence blinking. Fig. 7a illustrates exemplarily the above-mentioned blinking behavior of DotRod No. 3 (cf. Fig. 5 ) in the three different liquid ethylene glycols EG 1 , EG 4 , and EG [6] [7] . The colored intensity time traces represent the emission of the actual DR, while the gray traces represent the background signal. All traces shown were recorded over a time span of 5 min and the time bin was set to 50 ms. The background traces were obtained for each scan, i.e., for each glycol, with the same measurement parameters as for the nanoparticles. They were essentially the same for all positions on the glass slide without any nanoparticle.
Regarding first the time trace of DotRod No. 3 in EG 1 (Fig. 7a, top panel) , it is obvious that the intensity is strongly fluctuating. The DR does not show a clear binary blinking with one well-defined on-state and another off-state. Instead, when in an on-state, various intensity values (up to about 2 counts per ms, i.e., 100 counts per time bin) have been measured. After having changed the matrix to EG 4 , the intensity time trace has drastically changed (Fig. 7a, center panel) . The maximum intensity is much lower (o1 counts per ms) and the fluorescence seems to fade out with increasing time. Interestingly, the fluorescence returns after having changed the matrix to EG [6] [7] (Fig. 7a,  bottom panel) .
The strong fluctuations in the fluorescence intensity time traces complicate an exact analysis of the impact of the surrounding matrix on the optical properties of DRs. From Fig. 7a one might deduce that EG 1 is the best glycol with respect to a high fluorescence yield, followed by EG [6] [7] and finally EG 4 . However, one has to keep in mind that the intensity time traces could have been significantly different for another temporal window. In order to find some measure of the individual time traces and to compare time traces of different DRs, we analyzed them following the method of Kuno et al.:
47 after defining an intensity threshold that discriminates off-states from on-states, histograms of on-state durations and of off-state durations were generated. Each data point of a histogram was weighted by a value representing the average time to nearest neighbor events to account for the low event density at long times, yielding probability densities P(t on/off ) for on-and off-times. It has been shown that both probability densities typically follow inverse power laws P(t on/off ) p (t on/off ) Àaon/off over several decades in probability and time. For our experimental data, we plotted P(t on ) and P(t off ) double-logarithmically against t on and t off and fitted the graphs by straight lines with their slopes being the power-law exponents a on and a off , respectively. The results of the analysis depend to some degree on the choice of the binning time, the duration of the time trace and the threshold level. 48 The intensity threshold was set to twice the average background value, as proposed by Kuno et al., 49 plus once the standard deviation of the background intensity distribution to View Article Online take additionally the noise fluctuations into account. Having defined a threshold level it is also possible to define other measures of the blinking behavior, like the average on-intensity (which was calculated by averaging the intensity of every time bin that had fluorescence intensity above the threshold intensity) and the on-time fraction (which was calculated by the number of time bins that showed fluorescence intensity above the background intensity divided by the total number of time bins). The above described measures of the blinking behavior of the five different DRs each within the three different liquid EGs are compiled in Fig. 7b-e . The average on-intensity (Fig. 7b) is always lowest in EG 4 , while the highest values occur sometimes for EG 1 and sometimes for EG [6] [7] . By trend, the smallest on-time fractions (Fig. 7c) occur again in EG 4 . This suggests a correlation between the average on-intensity and the on-time fraction; however such a correlation cannot unambiguously be deduced from the measurements in EG 1 and EG [6] [7] . The on-time power-law exponents (Fig. 7d) are, except for DR No. 1, highest in EG 4 , which suggests a correlation of a on with the average on-intensity and the on-time fraction. The off-time exponents (Fig. 7e) however are strongly varying and do not show distinct trends.
From the above discussion it is obvious that it is difficult to conclude unambiguous findings from the experiment. This is mainly because the statistics based on five different DRs is too poor. The comparatively small number of investigated DRs on the other hand is a consequence of the extremely difficult experiment with its particular requirements as discussed above. In this sense, our experiment can be seen as a proof of principle; it shows that it is indeed possible to investigate the blinking behavior of one and the same individual NPs in different matrices.
The discussion of the blinking behavior in dependence of the medium that is surrounding the emitter is particularly interesting, because it might help to finally understand the fundamental processes underlying the blinking. It is commonly assumed that the blinking occurs because of the changeover from the NP being neutral and charged. It is argued that after the photoexcitation of an electron-hole pair in a NP, one of the charge carriers gets trapped, leaving behind a delocalized excess charge inside the NP. This excess charge gives rise to the off-state of the NP because it quenches the radiative recombination of further photogenerated electron-hole pairs by a very fast non-radiative Auger process. 22 Until now, the exact processes of charge trapping and the subsequent neutralization of the NP, returning it into an on-state, have not been fully understood. They are surely influenced by the material that is surrounding the NP, as can already be seen in the experiments presented here. In particular, the molecular dynamics at the NP surface is of interest, for which the viscosity is a measure. One might expect a systematic variation of the onand off-time power-law exponents a with the viscosity of the surrounding medium, but further experiments are necessary. 3.2.3 Fluorescence decay dynamics. Fig. 8a shows fluorescence decay curves of, again exemplarily, DR No. 3 (cf. Fig. 5 ) in the three different liquid ethylene glycols EG 1 , EG 4 , and EG [6] [7] . The decays are clearly multi-exponential (note the logarithmic intensity scale). In order to not restrict the number of decay channels, we fitted each of these and also all other decay curves of the different DRs under investigation with a stretchedexponential function I(t) = I 0 Áexp(À(t/t e ) b ), where I is the intensity, t the time, t e the time after which the intensity is dropped to I 0 /e, and b the stretching parameter (with 0 o b r 1). The latter determines the continuous distribution of decay rates: a smaller b implies a broader distribution, while b = 1 corresponds to a mono-exponential decay. The average lifetime of a decay can be calculated by hti = (t e /b)ÁG(1/b), where G is the gamma function. 50 Fig. 8b summarizes the measured decay curves by comparing the average lifetimes of the five different DRs each within the three different EGs. These lifetimes range between 1.6 ns and 16 ns. Comparing the different matrices, by trend, the shortest lifetimes occur in EG 4 . For each DR at least one of the lifetimes measured in EG 1 or EG 6-7 is significantly larger than in EG 4 . This behavior already suggests a correlation between short lifetimes and low average on-intensities (cf. Fig. 7b ) as well as short on-times (cf. Fig. 7c) . Fig. 8c and d allow for a deeper analysis of the fluorescence decay dynamics. In Fig. 8c the fitting parameters b and t e of each decay curve are correlated. Fig. 8d connects the average intensity of the different DRs to the average lifetimes hti (as shown in Fig. 8b) . In both panels, the color of the data points represents the particular EG while the cipher names the DR number.
Overall, it can be seen that larger b values correspond to larger 1/e lifetimes and that larger average intensities come along with longer average lifetimes. This is congruent with reports in the literature that found that high fluorescence intensities of nanocrystals come along with long fluorescence decay times, 23 and that maximum fluorescence intensities yield nearly single-exponential decays. 51 A more detailed interpretation of the different fluorescence dynamics of DRs in different EGs is difficult because of the small number of DRs that were investigated. For example, it would be very interesting to accurately investigate the influence of the matrices on the b parameter.
The analyses of the blinking behavior and of the fluorescence dynamics both are based on the same measurement, i.e., the photon-counting over a time period of 5 min using the TTTR mode. Both analyses revealed that the measurement of a larger number of NPs is highly desirable. This, however, is difficult to achieve since it requires a very stable system. Here, the stability of the system not only includes the experimental setup itself, but also the NPs under investigation. For example, it is not sufficient that the experimental setup is stable such that the optical pathways do not change over time and upon frequently changing the liquid matrix surrounding the NPs. It should also be ensured that the NPs under investigation are stable enough during matrix exchange and optical measurements, such that their optical properties are not permanently changed by fundamental and irreversible changes of the NPs themselves. Even though the accomplishment of such a stable experiment is challenging, our study shows the principle feasibility.
The very same NPs in different mixtures of ethylene glycols
The second experiment described above is the most sophisticated one in this work, which can principally deliver the deepest insight into the systems under investigation, but which is by far also the most difficult one. The third experiment described here is much simpler. It aims to investigate reversibility of changes in the optical properties of NPs upon exchange of their surrounding medium from one to another and back to the first. Such an experiment can be conducted within microfluidic channels, but here we chose an easier approach using again the liquid cell. The idea is to start with the investigation of NPs with the liquid cell being filled by the first liquid EG. Then a further glycol is added into the cell, such that a liquid mixture of different EGs covers the NPs during the next optical investigation. Finally, a large excess of the first EG is added to the cell, such that a situation similar to that in the beginning of the experiment is created before the final optical investigation is performed.
Unlike in the first and second experiments, where DotRod samples were used that offer high quantum yields and a good stability against environmental influences, here, we used the simpler and less stable spherical core-shell nanocrystals (CS NCs) (see Section 2.2). As argued above, on the one hand, a high optical stability of the sample is desirable to ease longlasting experiments. On the other hand, a high optical quality involves certain insensibility against the environment, which makes the detection of environmental influences themselves difficult. Thus, one generally has to deal with a trade-off between stability against the environment and changeability by the environment.
The CS NCs were immobilized on a glass slide that formed the bottom of the liquid cell. The cell was filled with 200 ml of EG 1 . The sample was then imaged by confocal scanning microscopy. The left column of Fig. 9a shows three scanned sample areas; the bright spots arise from CS NCs. Most of the NCs were stable enough to outlast recordings of their fluorescence emission over a time period of 30 s without obvious degradation. The fluorescence was measured by single-photon counting in TTTR mode; thus both intensity time traces and fluorescence decay curves could subsequently be constructed from the measurement. In total 28 individual CS NCs were investigated in such a way. For the next measurement cycle, 200 ml of EG [6] [7] was dropped into the liquid cell which then contained a 1 : 1 mixture of EG 1 and EG [6] [7] . After waiting for more than one hour so that the glycols could mix evenly upon diffusion, the sample was scanned again (see the center column of Fig. 9a) . 26 of the 28 CS NCs investigated in the previous measurement cycle could be identified and were again measured by TTTR singlephoton counting. For the third and last cycle, 150 ml of the EG mixture was removed from the liquid cell before 600 ml of EG 1 was added. This resulted in a 5.8 : 1 mixture of EG 1 : EG [6] [7] in the liquid cell, in which the NCs were investigated again. The scanned images are shown in the right column of Fig. 9a . In total 13 of the CS NCs that were investigated in both previous cycles could be again identified and were subsequently again measured by time-correlated single-photon counting. These CS NCs are marked and numbered in the scanned images in Fig. 9a . Fig. 9b shows exemplarily intensity time traces of CS NC No. 13 in the three different EG mixtures recorded during the three measurement cycles (from top to bottom). Because of the short duration of only 30 s, the time traces delivered no sufficient statistics for an elaborate blinking analysis. However, the average on-intensity can be analyzed. Results are depicted in Fig. 9d . Only with one exception, the average on-intensities are always highest for the solution that contained the highest relative amount of EG [6] [7] , i.e., during the second measurement cycle. We tested this result in an additional experiment in which we changed the order of EGs added, starting with pure EG [6] [7] . The outcome was the same: the average on-intensities were high for pure EG 6-7 and for EG [6] [7] in large excess. Remarkably, this observation is fully congruent with the findings of the first experiment described above. Fig. 9c presents fluorescence decay curves of, again, CS NC No. 13 in the three different EG mixtures. The curves are clearly multi-exponential, like the decay curves discussed above. We again fitted each decay curve with a stretched-exponential function and calculated the average lifetime hti. These lifetimes are compiled in Fig. 9e . It is found that hti in the second measurement cycle (EG 1 : EG 6-7 = 1 : 1) is always larger than in the first cycle (pure EG 1 ) and in most cases larger than in the third cycle (EG 1 : EG 6-7 = 5.8 : 1). This finding, together with the finding on the average on-intensities, is again congruent with the above mentioned correlation between high fluorescence intensities and long lifetimes. 23 
Conclusions
In this work, we investigated the influence of glycols on the optical properties of CdSe-based nanoparticles. In particular, liquid and solid ethylene glycol oligomers with different chain lengths (EG 1 , EG 2 , EG 3 , EG 4 , EG [6] [7] and PEO) and 2-methylpentane-2,4-diol (MPD) were probed with respect to their impact on the fluorescence intensities, the emission energies, the blinking characteristics, and the fluorescence lifetimes of elongated DotRods (DRs) and spherical core-shell nanocrystals (CS NCs). The study concentrates on the examination of individual NPs that were immobilized either within a liquid cell or within microfluidic devices. This allowed us to follow changes in the optical properties of the very same NPs under the influence of different matrices using space-resolved wide-field fluorescence microscopy and energy-and time-resolved confocal scanning microscopy.
Comparison of wide-field microscopy images of the very same individual DRs that were immobilized on a glass slide and exposed to air and subsequently to one of the abovementioned matrices revealed that their fluorescence intensity generally increased with increasing chain length of the liquid EGs, with EG 1 being an exception from this sequence. The measured average intensities were larger in air than in all investigated glycols, except for PEO. The solid PEO matrix led to by far the highest fluorescence intensities and long-term stabilities of the NPs.
To estimate the effect of a changed dielectric environment of individual NPs on their excitation and emission efficiency, electromagnetic finite-difference time-domain calculations were performed. They revealed that the measurable fluorescence intensity of an emitter decreases with the increasing refractive index n of the matrix covering the emitter. This finding is in line with the observed differences in intensity for liquid glycols (n = 1.431 À 1.463) as compared to air (n = 1). Interestingly, the slight monotonic increase of the refractive index of liquid ethylene glycols from EG 1 to EG [6] [7] should in theory lead to a decrease of the fluorescence intensity from short-chained EGs to long-chained EGs, which is in contrast to the measurements. This discrepancy and also the high fluorescence intensity of NPs in solid PEO prove that other effects of the matrix impact the fluorescence of NPs. These effects are of chemical or quantum mechanical nature. They should be also affected by the molecular dynamics of the covering matrices, as suggested by the general trend of increasing fluorescence for glycol matrices with increasing viscosity, i.e., chain length, that culminates in the very stable and intense fluorescence for the solid PEO matrix.
For a better insight into the underlying processes, it is inevitable to investigate the very same NPs under exchange of the covering matrix and to correlate changes in the optical properties to physical and chemical changes of the NP surface and its environment. Such experiments are difficult to accomplish because they demand a high long-term stability of both the experimental setup and the NPs under investigation.
In this work, such an experiment was realized, in which individual NPs immobilized in a microfluidic channel were subsequently covered by EG 1 , EG 4 , and EG [6] [7] . The optical properties of the very same NPs were extensively investigated in each matrix. It is shown that solvatochromatic effects resulting from polarization interactions are masked by spectral diffusion of the NP emission. However, time-tagged timeresolved measurements allowed for the analysis of fluorescence intensities, time traces, blinking characteristics, and fluorescence decay dynamics. It was found that EG [6] [7] is an excellent liquid glycol matrix promoting more intense and stable fluorescence than EG 4 . A further experiment on individual CS NCs in a liquid cell subsequently filled with pure EG 1 , with a 1 : 1 mixture of EG 1 and EG [6] [7] , and finally with a EG 1 : EG 6-7 mixture with a large excess of EG 1 demonstrated the principle reversibility of changes in the optical properties of NPs upon exchange of their surrounding matrix. Again it was found that the existence of EG [6] [7] inside the matrix covering a NP increases its fluorescence intensity.
For further measurements of this kind, the finding that EG [6] [7] , i.e., polyethylene glycol 300, is a fluorescence-supporting medium for CdSe nanoparticles can be of great value. PEG 300 is an excellent choice of solvent when working with PEGencapsulated NPs since it does not interfere with the NP capping being of the very same material. It may for example be used as a solvent for different quenching agents to investigate their interaction with NPs. Its high viscosity allows for long diffusion times, such that the quenching processes happen on longer time scales which eases their investigation.
